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Abstract

Objective of this thesis is the mapping and structural analysis of the H2 quadrangle,
“Victoria”, and a reconnaissance study of the geometry and kinematics of lobate scarps
on Mercury. To this end, I produced a 1:3,000,000 geologic map of the area using the
images provided by the NASA spacecraft MESSENGER, which has been orbiting the
planet since March, 2011. The geologic map shows the distribution of smooth plains,
intermediate plains, intercrater plains units and a classification of crater materials
based on an empirical distinction among three stages of degradation. Structural
mapping shows that the H2 quadrangle is dominated by N-S faults (here grouped into
the Victoria system) to the east and NE-SW faults (Larrocha system) to the west, with
the secondary existence of NW-SE-trending faults (Carnegie system) in the north-
western area of the quadrangle. A systematic analysis of these systems has led to the
following results. 1) The Victoria system is characterized by a main array of faults
located along Victoria Rupes — Endeavour Rupes — Antoniadi Dorsum. The
segmentation of this array into three different sectors changes from north to south and
is spatially linked to the presence of three volcanic vents located at the boundaries
between each sector and at the northern end of the Victoria Rupes sector, suggesting
that volcanism and faulting are interrelated. 2) The main array of Carnegie system is
kinematically linked and antithetical to the Victoria system. Both systems have arguably
controlled the growth of a longitudinal, fault-free, crustal and gravimetric bulge in the
central area of the Victoria quadrangle, which is interpreted as a regional
contractional pop-up. 3) The Larrocha system is interrupted against the central bulge
and thus is probably older than the Victoria and Carnegie systems. Buffered crater
counting performed on the Victoria system confirms the young relative age of its fault
segments with respect to the map units. The faults of the Victoria system post-date the
smooth plains, even though the morphological evidence suggests a probable
syndepositional fault activity. The structural analysis was supplemented by an
innovative method to calculate fault slip data using craters cross-cut by lobate scarps.
This method permits to fully constrain remotely-sensed fault kinematics, and it was
applied on 16 craters found across 30% of Mercury, covered by stereo-DTM data. Six

of the faulted craters are located within the H2 quadrangle and reveal that the



Abstract

Carnegie system and the Victoria — Endeavour array have near-dip-slip kinematics. The
Jformer dips 30° eastward, the latter dips 15°-20° westward. Inversion of fault slip data
allows estimation of the orientation of the stress field pertaining to the Victoria-
Carnegie-systems, whose ol trends 71° N. At a global scale, the application of the
method developed to constrain fault kinematics documented that Mercurian faults have
a wider range of dips (7° to 57°) than that predicted by mechanical models. Moreover,
this analysis revealed that lobate scarps on Mercury have rakes ranging from 40° to
141° demonstrating the presence of oblique-slip kinematics, differently from what is
assumed by the global contraction model that allows only pure or near dip-slip
kinematics. Fault slip data were plotted on dip-rake, strike-rake, dip-latitude and strike-
latitude diagrams. When more data will be available, these diagrams will help in
evaluating the different tectonic models proposed for Mercury and individuating the
probable reactivation of ancient tidal despinning structures. However, analysing these
diagrams with the available data suggests that neither global contraction nor tidal
despinning can satisfactorily explain the oblique-slip kinematics recorded by some
faulted craters. Thus the contribution of additional models, such as mantle convection,

should be incorporated in a global explanation of Mercurian tectonics.
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Preface

This thesis is focused on the structural geology of Victoria quadrangle H2 (Hermes-2,
22.5°N-65°N; 270°E-360°E) of Mercury, with the aim of building a regional model of
its structural framework. Deciphering the geologic setting of this quadrangle offers

important insights for understanding the tectonic evolution of the whole planet.

The main questions that motivated this study arose from the varied but consistent trend
of the morphostructural features in the eastern and western portion of the quadrangle.
Why are Victoria Rupes, Endeavour Rupes and Antoniadi Dorsum aligned in a North-
South trend? Why is the West portion of the quadrangle dominated by NE-SW

structures? Is there any linkage between these two main structural systems?

Answering these questions and thus improving our knowledge of Mercury will permit
better focus on the future targeting choices of the ESA (European Space Agency)
BepiColombo mission and in particular of its on-board High Resolution Imaging
Channel (HRIC), which is part of the SIMBIOSYS (Spectrometer and Imagers for the

MPO BepiColombo Integrated Observatory SY Stem) instrument consortium.

The periodical release of images acquired by the NASA (National Aeronautics and
Space Administration) MESSENGER (MErcury Surface, Space ENvironment,
GEochemistry and Ranging) spacecraft (Solomon et al., 2007) was fundamental for the
realization of the geologic analysis presented here. Further important information came
from data acquired in the 70's by the Mariner 10 mission to Mercury (e.g. Vilas et al.,

1988), which formed the basis for a critical study and review of past work.

During the development of my PhD program a 1:3,000,000 geologic map of the
Victoria quadrangle was produced based on NASA MESSENGER images. The map is
presented in the attached plate and discussed in Chapters 3.1 and 4.1. It represents the
first complete geologic map of this quadrangle, and follows the past 1:5,000,000 partial
geologic map of McGill & King (1983).

The structural analysis of quadrangle H-02 has led to the development of an innovative

method for calculating planetary fault geometry and kinematics, discussed in Chapters

vii
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3.2, 4.2 and 4.3. This method along with partial results from the Victoria quadrangle
and spot data from other quadrangles has been published (Galluzzi et al., 2015: “Faulted
craters as indicators for thrust motions on Mercury”) in the Geological Society of
London Special Publication “Volcanism and Tectonism across the Inner Solar System”
(vol. 401), edited by Thomas Platz, Matteo Massironi, Paul K. Byrne and Harald
Hiesinger. In the same volume, the same technique is used by Massironi et al., in the
work, co-authored by myself, “Lateral ramps and strike-slip kinematics on Mercury”, to

assess faults horizontal component of displacement.

As a corollary to the scientific results provided by this research, crater analysis led to

the fascinating opportunity of naming one of them — Duccio (i.e. /'duttfo/, 58.19°N; -
52.4°W, Fig. A), whose name was officially accepted by IAU (International
Astronomical Union) on June 14th, 2013 and became part of the Gazetteer of Planetary

Nomenclature soon after (http://planetarynames.wr.usgs.gov/Feature/15137). Duccio di

Buoninsegna, father of the Sienese painting school of the XIV century, was famous for
its paintings on wood panels covered with gold leaves. Duccio was a gothic reformer,
but he was also heir of the byzantine tradition, which was characterized by a stylization
of the conventional landscape that absolutely does not want to imitate the natural
landscape, but rather constitutes a minimal “lunar” landscape. The details of one of
Duccio’s paintings (i.e. “The Transfiguration”, Fig. A) almost reminded me of familiar
features found on Mercury, lobate scarps. Duccio crater is indeed cut by one of these
features, Carnegie Rupes, and I found interesting dedicating this place to him and our
city, Siena, who made me an “adorer of the good science of rock-breaking” (cit.

Charles Darwin in a letter to Charles Lyell).

viii
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Figure A. Left: “The Transfiguration” painted by Duccio di Buoninsegna, once part of the back side of the altarpiece “Maesta” in the

cathedral of Siena, now held by the National Gallery, London. Right: Duccio crater, 58.19°N - -52.4°W, cross-cut by the lobate scarp
Carnegie Rupes.
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To better frame the geology of Victoria quadrangle in the evolution of Mercury, I
present here an overview of the planet, what we know about it now and what was done
in the past. Mercury was already known by ancient civilizations that observed and
studied the planet motion with the naked eye. The first systematic campaign of
Mercury’s observations was made by Giovanni Virginio Schiaparelli (1835-1910), who
drew the very first map of the planet surface features. Following the Italian astronomer,
other scientists drew maps of Mercury (e.g. Fig. 1.1), until a giant leap in knowledge

was made during the hub of the so called "golden age of space exploration".

Figure 1.1. Examples of planispheres drawn from telescopic observations of Mercury.
a) Drawing by Giovanni Virginio Schiaparelli (1882-1889, Brera, Milano); b) Drawing by
Eugene Michel Antoniadi (1934).

“Many clues to the physical nature of Mercury await only systematic visual and
photographic observing programs by well-equipped and favourably located observers on
Earth. But final answers to these intriguing questions may not come until a space vehicle

flies by that planet.”

Cruikshank & Chapman, 1967
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1.1. Exploration of Mercury

The exploration of Mercury began in 1974, when NASA Mariner 10 (M10) spacecraft
(Fig. 1.2) performed the first planet flyby on March 24th after a gravity assist from
Venus on February 5th, 1974. This event was then followed by two other flybys on
September 21%, 1974 and March 16™, 1975. Thanks to the first two flybys, over 2000
useful pictures were produced and 45% of Mercury's surface was photographed by the
M10 Television Experiment (Murray et al., 1975) at a resolution better than 2 km, up to
100 m (Murray et al., 1975; Danielson et al., 1975; Davies et al., 1978; Vilas et al.,
1988). M10 third encounter also provided some high resolution pictures (~100 m),
although they were received only as quarter frames because of ground communication

problems (Davies et al., 1978).

LOW-GAIN ANTENNA —— ;— AIRGLOW ULTRAVIOLET SPECTROMETER
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T /
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Figure 1.2. Labelled diagram of Mariner 10 spacecraft, launched by NASA on November
3rd, 1973 (courtesy of NASA).

“[...] Mariner 10 has placed Mercury in a photographic status similar to that of the Moon in

the early 1960's, before space exploration began, [...]"
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The acquired frames were mosaicked together to produce a 40% view of the planet, thus

showing the 75% of the sunlit portion of Mercury during M10 flybys (Fig. 1.3).

Figure 1.3. Orthographic projection of Mercury centered at lat. 0°N and lon. 100°W: a)
photomosaic of Mariner 10 images (courtesy of NASA); b) shaded relief map drawn by
the USGS cartographer Patricia M. Bridges (courtesy of NASA/USGS).

Thirty years later NASA planned a new mission to Mercury — MESSENGER, launched
on April 4™, 2004 (Fig 1.4). After three flybys (January 14th, 2008; October 6th, 2008;
September 29th, 2009) MESSENGER entered its orbit about Mercury on March 18",
2011, thus being the first spacecraft to orbit this planet. MESSENGER datasets
improved existing data and provided important information to study the previously

unframed dark side of Mercury.

The on-board Mercury Dual Imaging System (MDIS) is composed of a Wide Angle
Camera (WAC) that can observe Mercury through 11 different filters and monochrome
across the wavelength range 395 to 1,040 nanometres (visible through near-infrared
light) with a 10.5° wide view, and a Narrow Angle Camera (NAC) that can take
monochrome images at high resolution thanks to a 1.5° wide view. The Mercury Laser
Altimeter (MLA) can derive surface heights thanks to an infrared laser transmitter and
a receiver. Besides the useful information on topography, MLA experiment can also
study Mercury’s gravitational field and internal structure when combined with ground

radar observations. At the time of this writing, MESSENGER has provided more than
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255,000 images, a global coverage of the whole planet and topography of the northern

hemisphere, which constituted the base data of the present thesis (see Chapter 2).

Figure 1.4. Artist’'s impression of MESSENGER spacecraft at Mercury, launched by
NASA on April 4th, 2004 (courtesy of NASA/JHUAPL/CIW).

Further information on the planet’s characteristics and geology will be provided by next
mission to Mercury, BepiColombo (Benkhoff et al., 2010; Fig. 1.5), planned by ESA in
cooperation with JAXA (Japan Aerospace eXploration Agency) that will be launched
on mid-July, 2016. BepiColombo is Europe’s first mission to Mercury and it will start
orbiting the planet in 2024. It comprises two spacecraft: the ESA Mercury Planetary
Orbiter (MPO) and the JAXA Mercury Magnetospheric Orbiter (MMO). Among its 11
instruments, BepiColombo MPO will host the SIMBIOSYS instrument suite, an Italian
project that consists of a High Resolution Imaging Channel (HRIC), a STereo imaging
Channel (STC) and a Visual and Infrared Hyperspectral Imager (VIHI) channel (Fig.
1.6). The planning content of BepiColombo imaging instruments will strongly depend
on choices based on the updated science knowledge of Mercury’s surface, and this

occurrence motivated the present research project.



1. Infroduction

Figure 1.5. Artist’s impression of BepiColombo spacecraft cruise modules. From left to
right: Mercury Magnetospheric Orbiter, Sun Shield, Mercury Planetary Orbiter, Transfer
Module (courtesy of ESA/AOES Medialab).

Figure 1.4. BepiColombo MPO Structural and Thermal Model (STM) inside the Large
Space Simulator (LSS) at ESTEC Test Centre (courtesy of ESA). The red square
indicates the location of SIMBIOSYS suite, also shown in the inset: 1) HRIC; 2) STC
(both central holes); 3) VIHI.
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1.2. Physical properties of Mercury

All the information gathered with the past and present missions to Mercury confirm that
this planet is an end-member case in our Solar System. Mercury is the innermost planet,
the smallest, the fastest to complete its orbit about the Sun, it has a highly elliptic orbit
the highest surface temperature range. Despite its small size (i.e. diameter is 4880 km),
Mercury's density is one of its most striking peculiarities. It is slightly smaller than that
of the Earth (5.43 g/cm’ against 5.52 g/em’, respectively), but it is larger if we consider
the uncompressed density (i.e. density without the gravitational compression factor),
which is 5.30 g/cm’ against 4.40 g/cm’ of the Earth. The high bulk density of Mercury
is caused by the presence of a large iron core in its interior (e.g. Siegfried & Solomon,
1974). M10 mission also discovered that Mercury has a weak magnetic field (roughly
1% that of the Earth, Ness et al., 1974). The differentiated internal structure of Mercury
thus became a puzzling topic. Even though the presence of a magnetic field is not
necessarily attributable to a dynamo mechanism in a molten core (Stephenson, 1976;
Aharonson et al., 2004), recent studies on the planet’s longitude libration have
confirmed that Mercury’s core is indeed partially liquid (Margot et al., 2007). Figure
1.7 shows that the interior structure of Mercury might be even more differentiated than
that of the Earth. Stated that Mercury has a ~2440 km radius, Smith et al. (2012) divide
it into a ~410 km solid outer shell (with a crustal thickness of 20 to 80 km) and a 2030
km radius molten iron core upper limit, while the radius of the central solidified part of
the core is unknown. The authors also suggest the presence of a solid FeS layer at the
base of the mantle that “could be a few tens of kilometres to as much as ~200 km in
thickness”, which would justify the high density of the solid outer shell (~3.65 g/cm3),
given that Mercury’s surface (and probably also the mantle, Smith ef al., 2012) has a

very low iron abundance (~4 w%, Nittler ez al., 2011).
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Figure 1.7. Mercury’s interior structure compared to that of the Earth (from Stevenson
etal., 2012).
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1.3. Geology of Mercury

"Paradoxically, Mercury has a Moon-like exterior and an Earth-like interior.

1.3.1. Surface cratering and chronostratigraphy

Mercury’s surface resembles that of the Moon: densely cratered terrains and no signs of
eolian, fluvial or glacial resurfacing processes. These characteristics, which recall two
essentially primitive bodies with unchanged records of their early formation, are mainly
due to the almost total absence of an atmosphere (Mercury has a weak exosphere),
which is usually the principal cause of the surface modification (due to erosion and
material transport) of planets. Although the cratered terrains on Mercury might seem
similar to those of the Moon, it soon seemed apparent that they are not so densely
cratered as those of the Moon (e.g. Spudis & Guest, 1988). Fassett ef al. (2011), state
that crater density on Mercury is similar to that of the Moon only for craters in the range
of 128 km to 512 km, but the density of craters between 20 and 128 km is much lower

on Mercury than on the Moon (1:2 ratio in their most densely cratered regions).

Teolstojan
Pre-Tolstojan Calorian Mansurian Kuiperian

o
ko £
oz
o1

Figure 1.8. Mercury’s chronology (modified from van Gasselt & Neukum, 2011).

Mercury’s resemblance with the Moon led to the development of a chronostratigraphic
classification similar to that of the Earth’s satellite (Shoemaker & Hackman, 1962). The
chronostratigraphy of Mercury is in fact based on impact events that determine the
bases of each Mercurian system (McCauley et al., 1981; Spudis, 1985; Spudis & Guest,
1988). Unlike the Earth’s chronostratigraphy, where the term “system” spans periods of
tens of millions of years, Mercurian systems have variable period lengths, ranging from
a hundred millions of years to billions of years. In some cases they are more properly
similar to Earth eonothems, but considering their variability, “system” and “period” are

widely accepted as a general terminology to address Mercurian chronostratigraphy and

17
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geochronology, respectively (e.g. Spudis & Guest, 1988; Neukum et al., 2001a). The
geochronology of Mercury was established based on a comparison with Lunar
chronology and is therefore divided in five periods (Fig. 1.8, Spudis & Guest, 1988; see
also Neukum et al., 2001a). The Pre-Tolstojan period encompasses units older than

3.97 Ga (Neukum et al., 2001a) or 4.06 Ga (Strom & Neukum, 1988).

The Tolstojan period follows the Pre-Tolstojan and its base is defined by the Tolstoj
basin deposits. Tolstojan period ends at 3.77 Ga (Neukum et al. 2001a) or 3.85 Ga
(Strom & Neukum, 1988), which is the base of the following Calorian period, defined
by the Caloris basin deposits (the youngest on Mercury). The Mansurian period base is
defined by Mansur crater deposits, whose estimated age is 3-3.5 Ga (Spudis & Guest,
1988; Strom & Neukum, 1988; Neukum ef al. 2001a). Finally the Kuiperian period is
the most recent period on Mercury and its base is established at ~1 Ga, which is the age
of the young Kuiper crater materials (Spudis & Guest, 1988; Strom & Neukum, 1988;
Neukum et al. 2001a).

1.3.2. Geologic provinces

When dealing with the geology of a planet like Mercury, it is preferable to speak about
photogeology. The classical geologic concept of lithostratigraphic unit is not applicable
on remote sensed images. The lack of real samples and rock absolute ages is the main
issue that led planetary geologists to introduce the concept of terrain units on Mercury
(Trask & Guest, 1975; Spudis & Guest, 1988). In their first geologic map of Mercury
(Fig. 1.9) derived mainly from M10 first encounter, Trask & Guest (1975) assess that
“[...] on Mercury, surface morphology reflects the age, composition, lithology, and
mode of formation of the underlying rock unit”. Terrain units of Mercury were then
revisited during a geologic mapping campaign of Mercury at 1:5.000.000 based on M10
images (Schaber & McCauley, 1980; De Hon et al., 1981; Guest & Greeley, 1983;
McGill & King, 1983; Grolier & Boyce, 1984; Spudis & Prosser, 1984; Trask &
Dzurisin, 1984; King & Scott, 1990; Strom et al., 1990) and termed geologic provinces
by Spudis & Guest (1988), who adopted this term after McCauley & Wilhelms (1971).
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Figure 1.9. Mercury’s preliminary geologic map drawn by Trask & Guest (1975) on
Mariner 10 first encounter images.

Intercrater plains

Trask & Guest (1975) defined the intercrater plains (ICP) as the level to gently rolling
ground between and around large craters and basins. This kind of terrain is the most
widespread unit on Mercury. Whitten ef al. (2014), accurately reclassified intercrater
plains on the basis of MESSENGER data, stating that intercrater plains show a level
topography at a local scale, whereas at a regional scale show an undulating surface.
Globally, the heights of intercrater plains may vary by ~5 km and are characterised by a
high density of craters < 10 km (Whitten et al., 2014). Intercrater plains are thought to
be the remnants of volcanic flows by most authors (Murray et al., 1974, 1975; Strom,
1977; Kiefer & Murray, 1987; Trask & Guest, 1975; Spudis & Guest, 1988; Whitten et
al., 2014). However some authors put forth the notion that intercrater plains were
emplaced as fluidized ejecta from large crater impacts (Wilhelms, 1976; Oberbeck et
al., 1977). Intercrater plains (Fig. 1.10) show a high variety of textures, they are
composed mostly of low reflectance materials (LRM) and there are no clear textural

changes when they merge with high-reflectance red plains (HRP) (Whitten et al., 2014).
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However some authors prefer to address the high albedo regions of intercrater plains as
“bright intercrater plains” (BIP), which seem to occur at higher topographic elevation
with a more intense cratering record (Mancinelli ef al., 2015). The emplacement of ICP
predates the period of the Late Heavy Bombardment (LHB) (e.g. Trask & Guest, 1975)
of the Inner Solar System, thus these materials are Tolstojan to pre-Tolstojan (Whitten

et al., 2014) and represent the oldest surface on Mercury.

W TOWwW

Figure 1.10. MESSENGER MDIS basemap image (250 mpp) of intercrater plains on
Mercury. Equirectangular projection.

Intermediate plains

Intermediate plains (IP) were introduced during the M 10 mapping campaign (Schaber &
McCauley, 1980; Guest & Greeley, 1983; McGill & King, 1983; Grolier & Boyce,
1984; Spudis & Prosser, 1984; Trask & Dzurisin, 1984; King & Scott, 1990; Strom et
al., 1990) and lately reconsidered after the analysis of MESSENGER data (Denevi et
al., 2013; Whitten et al., 2014). Most of the M10 cartographers noticed that these
terrains form “planar to undulating surfaces that have higher crater density than smooth
plains material, but are less heavily cratered than intercrater plains material” (Spudis &
Prosser, 1984, Fig. 1.11). However recent works conclude that there is no clear contrast
between intermediate plains, which seem to have a “patchy” distribution, and the
adjacent terrains (Denevi et al., 2013; Whitten et al., 2014). For this reason, some
patches of intermediate plains were reclassified either as intercrater plains (Whitten et

al., 2014) or as smooth plains materials (Denevi et al., 2013). Intercrater-like patches

20
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also show similar ages to ICP of Tolstojan and Pre-Tolstojan period (Whitten et al.,

2014).

Figure 1.11. MESSENGER MDIS basemap image (250 mpp) of intermediate plains on
Mercury. Equirectangular projection.

Smooth plains

Smooth plains (SP) were defined for their morphological characteristics as “relatively
flat, sparsely cratered material” (Trask & Guest, 1975; Strom et al., 1975; Spudis &
Guest, 1988) “that displays sharp boundaries with adjacent regions and is level to gently
sloped over a baseline of ~100-200 km” (Denevi et al., 2013, Fig. 1.12). In early studies
SP morphologies were interpreted as being originated from 1) effusive volcanism
(Murray et al. 1974; Strom et al., 1975; Trask & Guest, 1975; Trask & Strom, 1976;
Spudis & Guest, 1988) or 2) fluidized impact ejecta (Wilhelms, 1976). Recent studies
seem to confirm their volcanic nature due to evidences of flow and neat colour contrasts
with the nearby materials (Denevi ef al., 2013). Smooth plains cover 27% of Mercury’s
surface (Denevi et al., 2013) and they are supposed to belong to the period soon after
the LHB (Strom et al., 1975, 2008; Trask & Guest, 1975; Spudis & Guest, 1988; Head
etal.,2011; Denevi et al., 2013). Several authors estimated an age of 3.7 — 3.9 Ga based
on crater density distribution (Strom et al., 2008, 2011; Fassett ef al., 2009; Head et al.,
2011; Ostrach et al., 2011; Denevi et al., 2013), implying that the SP belong to the

Calorian period.
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Figure 1.12. MESSENGER MDIS basemap image (250 mpp) of smooth plains on
Mercury. Stereographic north pole projection.

Following the Calorian period, apart from impact cratering and explosive volcanism
(see Thomas ef al., 2014), no major depositional event occurred (e.g. extensive volcanic

flows), thus smooth plains represent the youngest geologic province on Mercury.
Crater materials

Since craters are progressively degraded by the superposition of newer impacts, many
authors tried to use morphological evidence to classify crater degradation and assess
their relative ages (e.g. Arthur et al., 1963; Pohn & Offield, 1970; Cintala ef al., 1976;
Wood et al., 1977; Wood & Anderson, 1978; Wood, 1979; McCauley et al., 1981,
Leake et al., 1982; Spudis & Guest, 1988). Two main classification systems were
developed to classify craters: 1) the Lunar and Planetary Laboratory (LPL) system (e.g.
Arthur et al, 1963); 2) the United States Geological Survey (USGS) system (e.g.
McCauley et al., 1981).

The LPL system distinguishes five crater classes (LPL-C,/-Cs) being LPL-C; the
freshest and LPL-Cs the most degraded. The distinction among the several LPL crater
classes is based mainly on rim sharpness and was developed on Lunar craters (Arthur et
al., 1963). Later on, Wood et al. (1977) used the LPL system to classify Mercurian

craters.
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The USGS system uses five classes as the LPL system does, but with inverse numbering
(USGS-Cy/-Cs). USGS-C, craters are the oldest and most degraded craters, while
USGS-C; craters are the least degraded craters: the ascending class order from subdued
to crisp craters was chosen to reflect a normal stratigraphic order. The USGS system
focuses more on crater features and internal structures such as central peaks and floor
features, rather than crater rim sharpness. It was developed on Mercurian craters by
Newell Trask (see McCauley ef al., 1981) on the basis of the Lunar craters morphologic
age introduced by Pohn & Offield (1970).

When the first 1:5.000.000 geologic maps of Mercury based on M10 data were
published by the USGS, some issues arose from the photo-interpretation of degraded
Mercurian craters. Some of the mapped craters presented morphological evidence that
seemed inconsistent with their relative stratigraphic order; this topic will be further

analysed in chapter 3.1.2.
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1.3.3. Tectonics

The Moon shares several surface characteristics with Mercury, but this is not the case of
faults. Unlike the Moon, the innermost planet is covered with widespread tectonic
landforms, which are dominantly contractional structures (Strom et al., 1975).
Extension on Mercury is recorded only inside the largest basins (e.g. Caloris basin, Fig.
1.13), with narrow grabens striking radially or concentrically from the basin centre
(Strom et al., 1975; Dzurisin, 1978; Murchie et al., 2008; Watters et al., 2009). Caloris
grabens crosscut contractional features (i.e. wrinkle ridges), and are interpreted as the
youngest, but spatially limited, structures on the planet (Strom et al., 1975; Dzurisin,
1978; Murchie et al., 2008; Watters et al., 2009).

150°E 155°E 160°E 165°E

35HE

307N |

180°E 155°E 160°E 185°E

Figure 1.13. MESSENGER MDIS basemap image (250 mpp) of radial and concentric
graben structures inside Caloris basin. Equirectangular projection.

On the other hand, contractional faults are widespread (Strom et al., 1975). The latest
global structural mapping by Byrne ef al. (2014) revealed almost 6000 contractional
structures on Mercury (Fig. 1.14).
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Figure 1.14. Mercury's global structural mapping of contractional structures in
Mollweide projection by Byrne et al., 2014. The mapped smooth plains are from Denevi
et al. (2013).

These structures are usually divided into three main families: 1) wrinkle ridges; 2)
lobate scarps; 3) high-relief ridges (e.g. Fig. 15). Wrinkle ridges are often found on
smooth plains and are also found on the Moon (e.g. Plescia & Golombek, 1986). They
are “typically broad, low-relief arches often superposed by a narrow ridge” (Byrne et
al., 2014, Fig. 1.15a). The strict relationship between wrinkle ridges and extensive lava
flows may lead to think that they have a common origin, nevertheless they are thought
to be the expression of fault-propagation folding or fault bend folding (Plescia &
Golombek, 1986). Lobate scarps are steep scarps characterized by “a gently sloping
back limb” (Byrne et al., 2014, Fig. 1.15b) and are asymmetrical in cross-section (see
Watters & Nimmo, 2010). They were described for the first time by Strom et al. (1975)
and interpreted as surface breaking thrusts. Considering the large size of these
structures, they surely accommodated more shortening than wrinkle ridges (Byrne et al.,
2014). These scarps (called rupes/rupes in IAU nomenclature) often cut large craters
and also Calorian units, therefore their activity continued after the emplacement of these
young terrains (e.g. Watters et al., 2004). The third category of contractional structures,
the high-relief ridges (Fig. 1.15c), was described for the first time by Dzurisin (1978).
These ridges (called dorsum/dorsa in IAU nomenclature) are symmetrical in cross-
section and are less common on Mercury. They often intermingle with lobate scarps and

probably share a similar origin and age with them (Watters & Nimmo, 2010).
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Figure 1.15. Examples of the three main contractional structures on Mercury: a)
wrinkle ridges on the northern smooth plains (stereographic north pole projection); b)
Victoria Rupes, a lobate scarp (equirectangular projection); c) Antoniadi Dorsum, a
high relief ridge (equirectangular projection). All the images are taken from the 250
mpp MESSENGER MDIS basemap.

Three main tectonic models have been proposed to explain the tectonic evolution of
Mercury (Fig. 1.16): 1) global contraction (e.g. Strom et al., 1975); 2) tidal despinning
(e.g. Melosh & Dzurisin, 1978); 3) mantle convection (King, 2008). Global contraction
(Strom et al., 1975, Fig. 1.16a) is thought to be generated by secular cooling of the
planet’s interior (Solomon, 1976; Hauck et al., 2004); by calculating the displacement—
length ratio (Cowie & Scholz, 1992) of thrusts it was possible to estimate the radial
shortening of Mercury (e.g. Watters & Nimmo, 2010; Byrne et al., 2014). The latest
estimates of radial shortening show that Mercury contracted by ~7 km (Byrne ef al.,
2014). MESSENGER mission confirmed the predominant contractional character of
Mercury’s tectonics (Watters et al., 2009; Watters & Nimmo, 2010), thus global
contraction is the most reliable theory proposed so far. Tidal despinning theory (Fig.
1.16b) does not exclude global contraction forces (Melosh & Dzurisin, 1978; Pechmann
& Melosh, 1979; Matsuyama & Nimmo, 2009), however it strongly relies on the
gravitational forces exerted by the sun on the small planet. Melosh (1977) argued that
on a despun planet we should find north—south oriented thrusts at low latitudes, NW—SE
and NE-SW strike-slip faults at mid-latitudes and E-W normal faults at high latitudes.
The tidal despinning model was refined for Mercury by Pechmann & Melosh (1979)
and subsequently by Matsuyama & Nimmo (2009), who proposed a wider distribution
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of N-S thrusts even at higher latitudes. Klimczak ef al. (2015) assess that a pure tidal
despinning model would result in a global set of joints in the upper lithosphere, while
tidal despinning acting together with global contraction would cause N-S trending
thrust faults towards the equator. This latter scenario is also in accordance with the
Matsuyama & Nimmo (2009) model. Dombard & Hauck (2008) hypothesized that tidal
despinning forces ceased just before the LHB period since there is a lack of latitudinal
pattern in the distribution of lobate scarps, but post-LHB global contraction may have
reactivated old despinning structures, inheriting their orientation. As for the tidal
despinning models of Matsuyama & Nimmo (2009) or Klimczak et al. (2015), the
mantle convection model for Mercury advanced by King (2008, Fig. 16¢), also
considers the contribution of global contraction and predicts a pattern of sheet-like
upwelling regions consistent with the distribution of lobate scarps from Watters et al.
(2004). King (2008) states that mantle convection could be still active today. Other
authors support the mantle convection theory, although there is still not enough
evidence to confirm its activity at present (e.g. Michel et al., 2013; Massironi ef al.,

2015).

Figure 1.16. Scheme of the three proposed tectonic models for Mercury: a) global
contraction due to core solidification; b) tidal despinning; c) mantle convection. Image
from Massironi et al. (2015).
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1.4. Victoria quadrangle (H2)

During the M10 geologic mapping campaign, Mercury was officially divided into 15
quadrangles (see Davies ef al., 1978) named after albedo features and also after
prominent topographic features where M10 coverage was available (Fig. 1.17). As soon
as MESSENGER mission completed the global coverage of Mercury, quadrangle
boundaries were slightly changed and the missing quadrangle topographic feature

names were assigned (Fig. 1.18).
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Figure 1.17. Subdivision of Mercury in 15 quadrangles from Davies et al. (1978) in
equirectangular projection (positive West). Names on quadrangles covered by the
shaded relief map are taken from prominent feature names. Names between
parentheses are derived from albedo features of telescopic observations.
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Figure 1.18. Mercury’s new quadrangle boundaries as decided by MESSENGER team on
MDIS 8-color basemap (665 mpp) in equirectangular projection (positive East)
centered at 180° E. On each quadrangle the following information is indicated:
quadrangle code in bold (e.g. H-01), quadrangle feature-derived name, quadrangle
albedo-derived name (italic) and quadrangle coverage percentage.

Victoria quadrangle (270°E-360°E; 22.5°N-65°N) was formerly named Aurora after the
corresponding albedo region (see Fig. 1.17a). The name Victoria comes from the lobate
scarp at long. ~340°E (Fig. 1.19). This structure is indeed the most prominent feature in
the area, since it is aligned with Endeavour Rupes and Antoniadi Dorsum creating a N—

S striking fault system ~900 km long.
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Figure 1.19. MESSENGER MDIS 250 mpp basemap of Victoria quadrangle (new
boundaries in Fig.18) in Lambert conformal conic projection (standard parallels: 30° N,
58° N) with official IAU nomenclature labels.
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After the first geologic map made by McGill & King (1983, Fig. 1.20) more than 60%
of Victoria quadrangle still remained unmapped because of the lack of M10 basemap
images, since in that region, M10 coverage was characterised by an unframed stripe (see
Fig. 1.3). In their map, McGill & King (1983) use five classes of craters following the
USGS system discussed in Chapter 1.3.2, making a distinction between proximal rim
materials and distant radial textured materials for each crater when visible. In this region
they were able to map all the unit terrains known on Mercury: intercrater plains,
intermediate plains and smooth plains. Main structures were mapped as ridge crests

since the available basemap did not provide much resolution or lighting variability.

Figure 1.20. Geologic map of Victoria quadrangle H2 (old boundaries in Fig 1.17) as
mapped by McGill & King (1983) in Lambert conformal conic projection (standard
parallels: 30° N, 60° N).

Today, the Victoria quadrangle still lacks a complete geologic map. Considering the
relevance of the structures located in this quadrangle, a geologic map and related
structural analysis of H2 were selected as a primary goal of the present project to gain

insights into the tectonics of the whole planet.
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The realisation of a planetary geologic map requires remote sensed imagery and
topographic data that constitute the basis for a photogeologic interpretation. The most
up to date data for Mercury are acquired by MESSENGER spacecraft (see Chapter 1.1)

and released for public use every six months (Tab. 2.1).

Table 2.1. MESSENGER past and scheduled data releases.

Release # Data Acquisition Release to Public Main events
15 Aug. 3,2004 — Mar. 17,2015 Mar. 4,2016
14 Aug. 3,2004 —Mar. 17,2015 Sep. 4, 2015
13 Aug. 3,2004 — Sep. 17,2014 Mar. 6, 2015

12 Aug. 3,2004 —Mar. 17,2014 Sep. 5, 2014

11 Aug. 3,2004 — Sep. 17,2013 Mar. 7, 2014

10 Sep. 18,2012 —Mar. 17,2013 Sep. 6,2013 End of extended mission 1
9 Mar. 26,2012 — Sep. 17,2012 Mar. 8, 2013

8 Sep. 18,2011 — Mar. 25,2012 Sep.7,2012 End of primary mission
7 May 19, 2011 — Sep. 17, 2011 Mar. 8, 2012

6 Sep. 30,2009 — May 18,2011 Sep. 8, 2011 Mercury orbit insertion

5 Oct. 21,2008 — Sep. 29,2009 Mar. 15,2010 39 Mercury fly by

4 Jan. 15,2008 — Oct. 20,2008 Apr. 15,2009 2™ Mercury flyby

3 Jun. 6, 2007 —Jan. 14,2008 Jul. 15,2008 1% Mercury fly by

2 Aug. 3, 2004 —Jun. 5, 2007 Dec. 15, 2007 Earth and Venus flyby s
1 Ground calibration data On request

Table from NASA PDS Geosciences Node, Washington University in St. Louis.

As of this writing, 12 releases are available to the public (see Tab. 2.1), but only
releases 3 to 11 were taken into consideration for this thesis. MESSENGER releases
contain a large variety of data divided into specific datasets for each instrument.
Imagery coming from MDIS WAC and NAC were released as Experiment Data Record
(EDR), Calibrated Data Record (CDR), Derived Data Record (DDR), and Reduced Data
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Record (RDR). Understanding of these datasets is fundamental for dealing with their
derived final products, such as single projected images, basemaps and mosaics, which

represented the basis for the photointerpretation of Victoria H2 quadrangle.
2.1. MESSENGER Datasets

The main source of data used in this work is the MDIS instrument (Hawkins et al.,
2007) on-board MESSENGER spacecraft. The following information has been gathered
through the MDIS EDR Software Interface Specification (SIS) and the MDIS
CDR/RDR SIS available at the Planetary Data System (PDS) Imaging Node
(NASA/USGS/JPL).

EDR data consist of single-frame almost-raw images. These are the primary data
coming from the spacecraft with information attached on a PDS label associated with
each image. PDS labels contain fundamental information on the spacecraft position at
the time of the frame shot (e.g. time, celestial coordinates, incidence angle, emission

angle, etc.).

CDR data are a subset of EDR data; they consist in single-frame images calibrated in
units of radiance (RA), photometrically corrected reflectance (RE) or radiance factor
(I/F, IF), the ratio between measured radiance and a calculated radiance, which would
be measured from an ideal diffusely reflecting surface (Lambertian surface). CDRs do

not consist of geometrically corrected images.

DDR data contain geometrical information, such as latitude, longitude, incidence angle
(i, the angle between the sun and the surface), emission angle (e, the angle between the
spacecraft and the surface) and phase angle (g, the angle between the incident and
reflected light). They are fundamental for the geometrical correction of CDR frames and

production of RDR data.

RDR data consist in two different products: map projected Basemap RDR (BDR) and
map projected Multispectral RDR (MDR). BDR products are the result of the global
monochrome basemap campaign held during MESSENGER Primary Mission. In this
basemap MDIS NAC and WAC-G (G = WAC filter corresponding to 750 nm bandpass,

very similar to the NAC filter), each image is photometrically normalized to i=30°, e=0°
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and a resolution of 256 pixels per degree (ppd). The use of both WAC and NAC images
depended on the highly elliptical orbit of MESSENGER around Mercury: WAC images
were taken preferentially at the periapse where the spacecraft reached its minimum
altitude of 200 km, while NAC images were taken preferentially at apoapse where
MESSENGER reached 13100 km of altitude during the primary mission. MDR
products are photometrically corrected like BDRs, but with a resolution of 64 ppd.
MDRs use 8 of the 11 WAC filters to obtain coloured basemaps. Another version of the
MDR acquired during MESSENGER Extended Mission (started April 2012), the MD3,
is compiled at 128 ppd and uses 3 of the 11 WAC filters. BDRs and MDRs are divided
into 56 tiles (54 equatorial and 2 polar), corresponding to the NW, NE, SW and SE
quarters of the 15 quadrangles in figure 1.19.

2.2. Spatial reference

Before examining the mosaics used for mapping H2 quadrangle, a spatial reference

must be defined in order to minimize distortions inside the mapped area.
Datum

Mercury can be approximated to a sphere of 2439.7 km radius (i.e. datum "Mercury
2000", IAU approved). However the MESSENGER team slightly changed this
parameter and it was approximated to 2440.0 km, often unofficially referred to as
"Mercury 2010" datum. In the past Mariner 10 mosaics the used datum was of 2439.0
km radius. Although these values are very similar, it is important to define a common
value for all raster images and features when importing the data into the Geographical
Information System (GIS) software. In the present work, I used the "Mercury 2010"
value of 2440.0 km as the reference datum, thus a geographic transformation was

applied when using older Mercury 2000 and Mariner 10 data.
Projections

Victoria quadrangle is located at mid latitudes (i.e. 22.5°N; 65°N) and in this range the
use of a Lambert Conformal Conic (LCC) projection is preferable (see Davies et al.,
1978). The LCC projection uses two standard parallels that represent the secants

between the sphere and the cone of projection. This means that the scale of features is
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true along the secants, a bit smaller between them and a bit larger beyond them. A
common rule is to fix the standard parallels to a distance of 1/6 and 5/6 of the latitudinal
range (Deetz & Adams, 1934). When H2 quadrangle was defined for the first time, its
latitudinal range was 20°N — 70°N and the standard parallels were fixed at 30°N and
60°N latitude. Considering the newly defined boundaries, I decided to change the
second standard parallel to 58°N. Therefore the geographic projection used for the

basemaps is:

Lambert Conformal Conic H2

First Standard Parallel: 30

Second Standard Parallel: 58

Latitude of Origin: 0

Central Meridian: 315

Longitude Domain: Positive East

However, when single features were analysed in detail (e.g. Chapter 3.2), a
stereographic projection centred on the object was preferred to minimize shape

distortions (see also Kneissl et al., 2011).

2.3. Raster layers

2.3.1. Basemaps

Due to the large variety of data available and the gradual release of datasets, several
basemaps were taken into consideration during the realization of the H2 geologic map.
A schematic summary of the used basemaps is shown in table 2.2, the listing somewhat

reflects an importance order from top to bottom.
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Table 2.2. List of basemaps used for Victoria quadrangle.

Hz2 Trim Original basemap Resolution Source

H2-Bm-0 MDIS_BDR_256PPD_Hxxdd * 166 mpp PDS

H2-Bm-1 20130514_complete_mono_basem 250 mpp NASA/JHUAPL/CIW ®
H2-Bm-2 MDIS_v8_750nm_250mpp 250 mpp NASA/JHUAPL/CIW ©
H2-Bm-3 MDIS_v7_mono_250mpp 250 mpp NASA /JHUAPL/CIW
H2-Bm-4 MDIS_v6_mono_250mpp 250 mpp NASA/JHUAPL/CIW ®
H2-Bm-5 Mi1_M2_M3_MioFilt 500 mpp USGS ¢

H2-Bm-6 MESSENGER_color_mono 200 mpp USGS ¢

H2-Bm-7 usgs_20110913_albedo 200 mpp USGS ¢

H2-Bm-8 MDIS_vo_3color 332 mpp NASA /JHUAPL/CIW °
H2-Bm-9 MDIS_v5_8color 665 mpp NASA /JHUAPL/CIW ®
H2-Bm-10  M10 Mercury Mosaic (Calibrated) 1000 mpp ASU ¢

H2-Bm-11  M10 Mercury Shaded Relief 1330 mpp USGS/ASU ¢

? xx indicates the quadrangles and dd indicates the tiles NP, NW, NE, SE, SE shown in Fig. 2.1

Becker et al. (2009)

¢ JHUAPL, Johns Hopkins University, Applied Physics Laboratory. CIW, Carnegie Institute of Washington
d Mercury GIS_DVD_vo3 available at USGS FTP

¢ Arizona State University, Mariner 10 Image Archive

The newly defined boundaries for H2 quadrangle do not include any overlap with the
nearby quadrangles (H1 to the North, H6 and H7 to the South, H3 to the West, H5 to the
East, and H10 in the South-East corner, see Fig. 1.19). Although H2 was mapped only
inside the indicated boundaries, an overlap of 5° was added to all basemaps for
cartographic purposes (e.g. for a better interpretation of features located at map
boundaries). To obtain H2-Bm-0 (see Tab. 2.2), BDR tiles of Victoria quadrangle were
mosaicked together with the nearby tiles to obtain a 5° overlap. The mosaicked tiles are
13 in total (Fig. 2.1) and were processed with USGS ISIS3 (Integrated Software for
Imagers and Spectrometers v3, Gaddis et al., 1997; Torson & Becker, 1997; Eliason et
al., 1997, see Appendix A for processing techniques).
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Figure 2.1. MDIS BDR tiles used to mosaic H2-Bm-0 with an overlap of 5°. Each tile is
formally named Hxxdd in the PDS, where xx is the quadrangle number and dd is the
tile position, NP (North Polar), NW, NE, SW or SE.

Each BDR tile used to mosaic H2 and its 5° overlap, is available in equirectangular
projection centred on the tile centre, for this reason the mosaicked basemap was then re-
projected in LCC projection. All the other basemaps in table 2.2 were simply trimmed

to the desired overlap and re-projected with LCC.

Since there is no highly controlled base for Mercury yet (such as the Lunar Orbiter
Laser Altimeter data for the Moon), all the used basemaps show some discrepancies and
are not perfectly georeferenced to each other. During the gradual release of data, the
basemaps with the best resolution and coverage were chosen as a reference layer. As of
this writing, H2-Bm-0 is the basemap with the highest resolution (256 ppd, ~166 mpp)
and as soon as it was available, it was considered as the ultimate reference basemap for

the geologic mapping (Fig. 2.2).

Basemaps H2-Bm-1 to -4 were trimmed from the global mosaics that were compiled
from PDS data and released gradually during MESSENGER mission in the
NASA/JHUAPL/CIW website (releases 6 to 9 in Tab. 2.1). Figures 2.3 to 2.6 are
presented in inverse order (i.e. H2-Bm-4 to -1) to show the gradual mosaic
improvement in time. They are very similar to each other and also to H2-Bm-0, because

they were made during the base map imaging campaign of MESSENGER primary
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mission and they all use almost the same source frames. Nonetheless, they still present
some areas were different mosaic tiles were used, sometimes showing different lighting
conditions (e.g. Fig. 2.7); a different lighting direction can often make the difference
avoiding common biases while drawing structures (e.g. Di Achille et al., 2012). A fifth
global mosaic called "MDIS v9" (250 mpp) was released after "MDIS v8", this version
of the global mosaic was not considered since it is identical to the BDR mosaic but with
a lower resolution (250 mpp instead of 166 mpp); moreover it was soon substituted by
the "MDIS complete" version that added some more tiles to fill the remaining gaps.
BDRs, "MDIS v9" and "MDIS Complete" were all part of PDS Release 9 (Tab. 2.1) and
they all use some of the new frames coming from MESSENGER extended mission
high-incidence-angle campaign, that is why they look slightly different from the past
releases (e.g. compare H2 eastern part, ~-10°W, in Figs. 2.2, 2.5, and 2.6).
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Figure 2.2. H2-Bm-0 basemap in Lambert conformal conic projection (see details in Chapter 2.2) obtained from MDIS BDR tiles (see non-
overlapping H2 tiles in Fig. 2.1). Although it presents some gaps at ~-10°W and ~-25°W longitude, it was chosen as the reference
basemap for the geologic mapping since it has the highest resolution available (256 ppd). The BDRs coverage shown in this basemap is the
same as "MDIS v9" released on March 8th 2013 (PDS release 9, Tab. 2.1).
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Figure 2.3. H2-Bm-4 basemap in Lambert conformal conic projection. This basemap was trimmed from "MDIS v6" mosaic of PDS images at

250 mpp, released on September 8th, 2011 (PDS release 6, Tab. 2.1). This picture shows the exact boundaries of H2 quadrangle without
overlap. Courtesy of NASA/JHUAPL/CIW.



Qe

H2-Bm-3
A -80° -10°

source: MDIS_v7_mono_250mpp
-200

500 km -50° -40° -30°

scale is true at lat. 30°N and 58°N

-gQ°

-30°

-60° - J
-50° -40°

Figure 2.4. H2-Bm-3 basemap in Lambert conformal conic projection. This basemap was trimmed from "MDIS v7" mosaic of PDS images at
250 mpp, released on March 8th, 2012 (PDS release 7, Tab. 2.1). This picture shows the exact boundaries of H2 quadrangle without

overlap. Courtesy of NASA/JHUAPL/CIW.
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Figure 2.5. H2-Bm-2 basemap in Lambert conformal conic projection. This basemap was trimmed from "MDIS v8" mosaic of PDS images at
250 mpp, released on September 7th, 2012 (PDS release 8, Tab. 2.1). This version of the basemap already provided 100% coverage of H2
quadrangle. This picture shows the exact boundaries of H2 quadrangle without overlap. Courtesy of NASA/JHUAPL/CIW.
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Figure 2.6. H2-Bm-1 basemap in Lambert conformal conic projection. This basemap was trimmed from "MDIS complete" mosaic of PDS
images at 250 mpp, obtained from "MDIS v9" released on March 8th, 2013 (PDS release 9, Tab. 2.1) and some additional PDS tiles to fill
the gaps. This picture shows the exact boundaries of H2 quadrangle without overlap. Courtesy of NASA/JHUAPL/CIW.



Figure 2.7. Comparison of H2-Bm-1 to -4 (datasets release 6 to 9/complete). It is clear
from these images that the illumination direction is opposite between "MDIS v6" and
"MDIS complete". The intermediate versions of the basemap show a patchy
appearance with lighting geometries common to both "v6" and "complete". Note also
the low incidence angle area inside "v8".

H2-Bm-5 in figure 2.8 was trimmed from the first global map of Mercury released by
the USGS soon after the three MESSENGER flybys (i.e. M1, M2, M3; Becker ef al.,
2009). The three flybys alone already covered 90.9% of Mercury's surface, and by
adding the 43% coverage of Mariner 10, Becker ef al. (2009) obtained a near global
mosaic of the planet (~97%) at 500 mpp resolution. Although H2-Bm-5 is of lower
resolution with respect to H2-Bm-0, it represents an important source of data because it
offers higher shadow contrasts in the H2 western region (e.g. Fig. 2.9); this is due to the
vicinity of the terminator during M2 flyby. As stated before, this difference between the
two basemaps is very important to detect structures that are hidden in the low-

incidence-angle western area of H2-Bm-0.

Basemap H2-Bm-6 (Fig. 2.10) was trimmed from a partial mosaics processed during
Release 6 (source: MercuryGIS DVD v03, available in the USGS public FTP) of
WAC-G-only frames as part of the colour basemap campaign of MESSENGER primary
mission. Basemap H2-Bm7 (Fig. 2.11) was trimmed from an USGS mosaic of MDIS
orbital images resampled to 200 mpp, released in September 2011. The above basemaps
were used in the early stages of H2 geologic mapping, since they provided a better
resolution than "MDIS v6" that was released in the same period. H2-Bm-6 (Fig. 2.10)
was particularly useful because it offered more continuity in specific areas and also

different lighting geometries (e.g. Fig. 2.12).
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Figure 2.8. H2-Bm-5 basemap in Lambert conformal conic projection trimmed from
USGS mosaic of MESSENGER M1, M2, M3 flybys plus Mariner 10 images (Becker et al.,
2009). MESSENGER flyby images completely substitute Mariner 10 information in this
area. Note the high-incidence-angle western area where the lighting geometry abruptly
changes direction. This is due to a mosaic boundary between M1 approaching
spacecraft images to the extreme West and M2 departing spacecraft images to the East
(Becker et al., 2009). This picture shows the exact boundaries of H2 quadrangle without
overlap.
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Figure 2.9. Comparison between H2-Bm-5 and H2-Bm-0 western area. a) H2-Bm-5
basemap from Becker et al. (2009). b) H2-Bm-0 basemap from BDR tiles, here the lighting
geometry does not permit a detailed mapping. Note that the old large crater to the
North-West is not clearly visible as in a).
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Figure 2.10. H2-Bm-6 basemap in Lambert conformal conic projection. This H2 trim

was obtained from a mosaic of MDIS orbital WAC-G images at 200 mpp. This picture
shows the exact boundaries of H2 quadrangle without overlap.
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Figure 2.11. H2-Bm-7 basemap in Lambert conformal conic projection. This H2 trim

was obtained from a USGS mosaic of MDIS orbital images resampled to 200 mpp
(USGS). This picture shows the exact boundaries of H2 quadrangle without overlap.
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Figure 2.12. Comparison between H2-Bm-0 (~166 mpp) and H2-Bm-6 (200 mpp). a)
BDR tile: the illumination direction is from West to East. b) MDIS WAC-G orbital images
mosaic: the illumination direction is from South to North and the incidence angle is
much lower than a). c) BDR tile: a patchy mosaic covers Abedin Crater. d) MDIS WAC-
G orbital images mosaic: a continuous mosaic covers Abedin Crater, thus permitting a
better mapping of the ejecta.

H2-Bm-8 and -9 (Figs. 2.13 and 2.14) were trimmed from the two coloured mosaics
derived from MDR and MD3 data. Unlike the BDR case, I did not process MDR and
MD3 with ISIS3 since they are already provided at their best resolution by the
MESSENGER website. They do not offer a good resolution for mapping features, but
are still useful within ambiguous regions where texture changes are not so evident in the
monochrome basemaps, because of low-incidence-angle frames. Slight colour changes

can help to locate these uncertain contacts (e.g. Fig. 2.15).
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Figure 2.13. H2-Bm-8 basemap in Lambert conformal conic projection, trimmed from
the 3-colour mosaic of Mercury at 332 m/pixel derived from the MD3 PDS dataset. This
picture shows the exact boundaries of H2 quadrangle without overlap. Courtesy of
NASA/JHUAPL/CIW.
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Figure 2.14. H2-Bm-9 basemap in Lambert conformal conic projection, trimmed from
the 8-colour mosaic of Mercury at 665 m/pixel derived from the MDR PDS dataset. This
picture shows the exact boundaries of H2 quadrangle without overlap. Courtesy of
NASA/JHUAPL/CIW.

47



Figure 2.15. Comparison between H2-Bm-0 and H2-Bm-8. a) This BDR trim shows a
portion of smooth plains cut by a rough surface, which is poorly visible because of the
soft shades of grey caused by a low-incidence-angle lighting geometry. b) This MD3
trim shows the same area in a) with the same lighting geometry but with the central
rough surface enhanced by darker bluish colours. c) BDR trim of a cratered terrain
area; one small linear feature is visible to the NE (white arrow). d) MD3 trim of the
same cratered area in c). More linear features are visible thanks to the different
lighting direction (white arrows).

H2-Bm-10 and -11 (Figs. 2.16 to 2.17) were kept as an historical record of the past
Mariner 10 mission. Their resolution is very low and the coverage is poor but they are

useful for "comparative cartography" with the past work of McGill & King (1983).
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Figure 2.16. H2-Bm-10 basemap in Lambert conformal conic projection. This basemap
was trimmed from a calibrated mosaic of Mariner 10 images at 1000 mpp (ASU Mariner
10 image archive). This picture shows the exact boundaries of H2 quadrangle without
overlap.
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Figure 2.17. H2-Bm-11 basemap in Lambert conformal conic projection, trimmed from
the Mariner 10 shaded relief map of Mercury at 1330 mpp, drawn by the USGS
cartographer Patricia M. Bridges (Courtesy of NASA/USGS). This picture shows the
exact boundaries of H2 quadrangle without overlap.

49



2. Data

2.3.2. MDIS single-frames and mosaics

Although H2-Bm-0 associated with the other basemaps in table 2.2 provided enough
information for mapping the whole quadrangle, several issues arose from their uneven
appearance. It is clear from figure 2.2 that the reference basemap is missing some tiles,
especially on its eastern part. These gaps are covered by H2-Bm-1 but with lower
resolution. Another issue was represented by extremely high-incidence-angle areas,
where long shadows hide or partially cover important features (e.g. faulted craters). In
the same way, areas with extremely low incidence angles are very difficult to map, since
every feature (e.g. faults) is apparently "levelled" by the light. These problems were
partially avoided by toggling the visibility of each available basemap to compare them
and lower the biases deriving from lighting conditions (e.g. Di Achille et al., 2012).
However, when it was impossible to deal with the gap in resolution among the several
basemaps or with the lighting geometry, single frames and partial mosaics had to be

processed separately.

As of today, the MESSENGER MDIS instrument has gathered more than 255,000
images and more than 190,000 EDR frames of Mercury are available at the PDS for
public use. These frames are easily searchable through the NASA PDS Atlas (http://pds-
imaging.jpl.nasa.gov), the Orbital Data Explorer (ODE: http://ode.rsl. wustl.edu), or the

footprints vector layers available for download at ODE that can be consulted directly on
the GIS software (Fig. 2.18). Single frames and partial mosaics were processed with
ISIS3 using some common pipelines shown in Appendix A. An example of the results is
shown in Fig. 2.19. These products were used occasionally, giving the priority, when

possible, to the basemaps presented above.
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Figure 2.18. MDIS EDR NAC footprints (pink) and MDIS EDR WAC-G orbital images
footprints (cyan) available for H2 quadrangle, as of release 12. Note that WAC-G
footprint boundaries are not recognisable because of the intense coverage.
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Figure 2.19. Some mosaics produced with ISIS3: red boundaries refer to WAC image
mosaics, while blue boundaries refer to NAC image mosaics. W1: 166 mpp pixel mosaic
of WAC-G frames. W2: 159 mpp mosaic of WAC-I frames. W3: 232 mpp mosaic of
WAC-G frames. W4: 166 mpp mosaic of WAC-G frames. N1: 25 mpp mosaic of NAC
frames. N2: 50 mpp mosaic of NAC frames. N3: 31 mpp mosaic of NAC frames.
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2.3.3. Topography

When dealing with geologic mapping, topography is usually a mandatory element
before starting any cartographic work. However, in planetary geologic mapping,
topography is not always available or it has not a sufficient resolution to represent a
reliable reference layer. Therefore, topography becomes part of the ancillary data useful
to interpret the morphologic evidences of remote sensed images. Unlike the Moon or

Mars, Mercury lacks global topographic data. Topographic information for the planet
was gathered through two separate sources: 1) DLR (Deutsche Zentrum flir Luft- und

Raumfahrt, German Aerospace Center) stereo-mosaics (Preusker et al., 2011); 2)

MESSENGER MLA data.

The DLR stereo-topography is a product of MESSENGER flybys M1, M2 and M3 and
cover 30% of the planet with a resolution of 1000 mpp (Preusker et al., 2011). In this
thesis DLR stereo-topography was used for the widespread analysis of faulted craters
(Galluzzi et al., 2015, see Chapter 3.2) just before MLA data became available. Victoria
quadrangle however, is quite well covered by the M2 stereo-mosaic (~80%) as shown in

figure 2.20.
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Figure 2.20. DLR M2 stereo-mosaic trimmed to H2 boundaries (Preusker et al., 2011).
This product has a nominal resolution of 1000 mpp.
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The preliminary MESSENGER MLA datasets became available as Gridded Data
Record (GDR), thus as usable raster layers, between releases 10 (resolution 1000 mpp)
and 11 (resolution from 665 to 500 mpp) and added topographic information for
Mercury's northern hemisphere. The lack of topography in the southern hemisphere
results from the highly elliptical orbit of MESSENGER spacecraft, which is also the
reason of a southward decreasing resolution. Victoria quadrangle is completely covered
by a 665 mpp MLA topography (Fig. 2.21) and a 500 mpp topography is also available
near the North pole (Fig. 2.22). However, the 665 mpp layer is affected by the lack of
information in its southern area. This issue is evident when analysing the MLA tracks
footprints in figure 2.23. The topographic information between adjacent tracks comes
from the interpolation of the near MLA spots (located along the tracks), thus if these
spots are too far from each other the topographic information is poor. This is why it is
important to use both MLA topography and stereo-topography: the first one gathers
more accurate measures on single spots and small interpolated areas, while the second
one offers a more complete view of the surface features, especially inside badly

interpolated areas (e.g. Fig. 2.24).

o 500 km
—
scalie is true at lat. 30°N and 53°H
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Figure 2.21. MLA topography at a nominal 665 mpp resolution, trimmed to H2
quadrangle. Note the fuzzy appearance of the southern area. See also MLA tracks in
figure 2.23.
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Figure 2.22. MLA topography at 500 mpp available for the North pole, trimmed to H2

quadrangle.
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Figure 2.23. MLA track footprints on H2 quadrangle, the less dense area to the South
explains the fuzzy appearance shown in figure 2.21. See an example in figure 2.24.
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Figure 2.24. Image of the area south of Kuan Han-Ch'ing Crater (subdued crater to the
north) and comparison between MLA topography and DLR stereo-topography. a) BDR
basemap (166 mpp). b) MLA topography (50% transparency on BDR); the black lines
represent MLA track footprints. Note the elongated E-W depression caused by the
interpolation between wide-spaced MLA data. c) DLR stereo-topography of the same
area (50% transparency on BDR); in this case the young crater at the center of the
image is clearly visible with topography.
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The methods used in this thesis are threefold: a) GIS mapping; b) structural analysis; ¢)
chronology analysis. Both the structural and the chronology analyses depend on the GIS

final product, thus its related methods will be analysed first.

Briefly, the following software and add-ons were used:

1) ESRI ArcGIS v10;

2) Tools for Graphics and Shapes add-on for ArcMap (Jenness, 2011);

3) CraterTools add-on for ArcMap (Kneissl et al., 2011);

4) CraterStats2 software (Freie Universitit Berlin, see Michael & Neukum, 2010).

While methods presented for mapping and chronology follow known rules and
recommendations, the method for quantitative fault kinematic analysis presented in

chapter 3.2 is new (Galluzzi et al., 2015).
3.1. H2 geologic mapping

The cartographic methods used to map Victoria quadrangle must be illustrated both
from a technical and a conceptual point of view. Firstly, the technical organisation of
the workflow is fundamental to obtain a clean output; it includes the choice of a
mapping scale, the vector layers to use and the finalisation of the whole work (e.g. error
check, unit polygon creation). Secondly, the conceptual choice of the elements to map
is also important but it is strongly affected by issues encountered during the mapping
process. An example is given in chapter 3.1.2, where the crater material classification

chosen for this work is explained.
3.1.1. GIS workflow

As seen in chapter 2.2, the chosen basemaps use a LCC projection on a “Mercury 2010”

datum. This projection was used for all the layers inside the GIS project. The final map
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output presented in the attached plate, has a scale of 1:3.000.000 and is the result of

choices presented below.
Mapping scale

A common rule that is used for choosing the mapping scale was defined by the

cartographer Waldo Tobler (Tobler, 1987):
Sn = R, %2000 (D)

Where Sm is the mapping scale and Rr the raster resolution. The mapping scale, Sm is
the scale at which it is recommended to draw lines. As a consequence of this rule, if the
mapping of H2 quadrangle was possible using the H2-Bm-0 basemap (i.e. BDR mosaic)
alone, whose resolution is 166 mpp, the suggested mapping scale would have been
1:332.000. However, as seen in chapter 2.3, H2-Bm-o could not be used alone because
of its non-uniform appearance in specific areas of the quadrangle. The resolution of the
most used basemaps (see Tab. 2.2), vary between 166 mpp (i.e. H2-Bm-0) and 500 mpp
(i.e. H2-Bm-5) and mapping at a scale of ~1:300,000 was often inconvenient. For this
reason, | considered an intermediate resolution of 300 mpp, instead of the nominal
basemaps resolution, which lead to an average mapping scale of 1:600,000, based on
equation (1). On this basis, the final output scale was chosen following the USGS
recommendations (Tanaka et al., 2011). USGS recommends to map at a scale 2 to 5
times larger than the final print output. As a consequence, the minimum final output

scale can be chosen on the basis of the map scale used for digitizing:
S0, = S, Xn (2)

Where So, is the output scale recommended when digitizing at a scale » times larger
than the output. To obtain a clean result, with round-looking lines and no visible vertex
edges, I preferred to consider a scale 5 times larger than the final output scale. Thus,
even though the arbitrary mapping scale chosen for digitizing this work (i.e. 1:600,000)
permitted to obtain an output scale up to 1:1,200,000, I chose an output scale of

1:3,000,000.
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Geodatabase structure and line drawing

The vector layers (i.e. feature classes) used for digitizing were organized into a GIS
geodatabase, following most of the USGS recommendations and known structures. In
particular, I used three main feature classes: 1) geologic contacts (i.e. polyline layer); 2)
linear features (i.e polyline layer); 3) surface features (i.e. polygon layer). A summary

scheme of this structure is shown in figure 3.1.

H2 Editing (LCC) ‘

l l |

feature dataset

feature classes Geologic Contacts Linear Features Surface Features
polylines polylines polygons
P crater deposits crater rim crests (> 20 km) secondary crater clusters/chains
eatures
unit boundaries buried rim crests hollows clusters

small craters (> 5 km; < 20 km)
thrusts
generic faults

wrinkle ridges

volcanic features

Figure 3.1. This scheme represents the overall organisation of the editing feature
dataset used for mapping H2 quadrangle (see text for details).

Geologic contacts (GC) define the boundaries among the various geologic provinces
and crater material classes and constitute the main digitizing layer since they have to be
converted to polygons during map finalisation. USGS standards usually consider
certain, approximate, concealed and inferred contacts. For this work, the digitizing
scale and the non-uniformity of the basemap layers suggested the use only two kind of
contacts: a) certain, when there is a clear and sharp contrast between different terrain
textures or morphologies; b) approximate, when there is an uncertain, unclear or
gradational transition between different terrains (Tab. 3.1 and Fig. 3.2). In the case of
crater materials (e.g. continuous ejecta), an approximate contact was used even when

the boundary was inferred from topography instead of the basemaps (e.g. Fig. 3.2¢).
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Table 3.1. “Geologic contacts”, polyline feature class structure.

Type Description
certain certain boundaries
approximate uncertain, gradational or inferred boundaries

45° N

45° N

Figure 3.2. Example of a GC linework. (a) H2-Bm-0 basemap (see chapter 2.3). (b)
Certain GC (solid lines) and approximate GC (dashed lines) digitized on crater material
boundaries. (c) MLA topography showing that some of the approximate contacts follow
topographic relief. Colour coding is scaled to the view extent, being brown and violet
the highest and lowest areas, respectively.
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Linear features (LF) represent morphostructural features such as faults, wrinkle ridges,
crater rim crests and volcanic features. A complete list with the feature types used for

this feature class is shown in table 3.2.

Table 3.2. “Linear features”, polyline feature class structure.
Type Description

crest of crater rim rim crests of craters > 20 km

crest of buried crater rim crests of buried craters

small crater rim rim crests of craters > 5 km and < 20 km
thrust, certain certain lobate scarp or high relief ridge
thrust, approximate uncertain lobate scarp or high reliefridge
fault, certain certain contractional fault

fault, approximate uncertain contractional fault

wrinkle ridge evident bend inside smooth plains
irregular pit irregular and rimless pit

Faults have been divided into two categories: a) thrusts and b) contractional faults. Both
these categories were divided into certain and approximate based on similar
considerations made for the GC feature class. Common morphologies such as lobate
scarps and high relief ridges were mapped as thrusts. Since Mercury abounds in
contractional features (e.g. Byrne et al., 2014), the “contractional fault” category was
assigned to all those contractional structures whose morphology did not present

important or evident break-in-slopes (e.g. Fig. 3.3).
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30° N

30°N

30°N

Figure 3.3. Example of a LF linework for faults in the area East of Antoniadi Dorsum.
(a) H2-Bm-0 basemap (see chapter 2.3). (b) Certain thrusts (solid blue lines with
triangles), certain generic contractional faults (solid light blue lines) and approximate
generic faults (dashed light blue lines). (c) DLR stereo-topography (Preusker et al.,
2011) showing that some faults follow topographic relief. Colour coding is scaled to the
view extent, being brown and violet the highest and lowest areas, respectively.
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Wrinkle ridges could be considered a “contractional feature” like those described above,
but they were mapped separately as they are a typical feature found inside smooth
plains. Craters have different symbology depending on their size (Fig. 3.4). Craters > 20
km were mapped as standard craters, thus they are always associated with a GC
defining their material boundaries (e.g. ejecta, central peaks). Their symbology shows
ornamental ticks facing the steep inner scarp (see Fig. 3.4c). Craters ranging from 5 to
20 km were classified as “small craters”, thus they were not associated with any GC
defining their deposits. The “buried crater” symbology was assigned to those craters
(either in whole or in part), whose rim crest is still visible but clearly or presumably

covered by other superposed crater deposits (e.g. Fig. 3.4c).

-20° W -15° W -10° W -5° W

Figure 3.4. Cratered area on
eastern H2. (a) H2-Bm-2
basemap (see chapter 2.3)
showing high shadow
contrasts that help localizing
craters. (b) H2-Bm-8
basemap (see chapter 2.3)
showing a lower incidence
angle, some craters are not
visible. (c) LF for craters >
20 km (black lines with inner
ticks), > 5 km and < 20 km
(grey lines) and a buried
crater (black dash and dot
line). H2-Bm-8 was used in
the background to highlight
the LF layer.
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Surface features (SF) include secondary crater clusters and chains, and a limited number
of clusters of hollows (see chapter 4.1 for explanation). These features were represented

with textures overlaying the main units (see Tab. 3.3).

Table 3.3. “Surface features”, polygon feature class struct